Abstract. Palladium platinum (PdPt) has been intensively studied these last decades due to high conversion rate in hydrogen oxidation at room temperature with significant exothermic effects. These remarkable properties have been studied by measuring the temperature variations of alumina (Al 2 O 3 ) supported nanosized PdPt nanoparticles exposed to different hydrogen concentrations in dry air. This catalyst is expected to be used as a sensing material for stable and reversible ultrasensitive hydrogen sensors working at room temperature (low power consumption). Structural and gas sensing characterisations and catalytic activity of PdPt / Al 2 O 3 systems synthesised by co-impregnation will be presented. Catalytic characterisations show that the system is already active at room temperature and that this activity sharply increases with rise in temperature. Moreover, the increase of the PdPt proportion in the co-impregnation process improves the activity, and very high conversion can be reached even at room temperature. The thermal response (about 3 • C) of only 1 mg of PdPt / Al 2 O 3 is reversible, and the time response is about 5 s. The integration of PdPt / Al 2 O 3 powder on a flat substrate has been realised by the deposition onto the powder of a thin porous hydrophobic layer of parylene. The possibility of using PdPt in gas sensors will be discussed.
Introduction
Hydrogen is a promising non-polluting alternative to fossil fuels as an energy carrier. Its storage for domestic applications remains problematic, since the hydrogen molecule is very small (74 × 10 −12 m), inducing a risk of leaks leading to explosion (lower explosion limit LEL = 4 % of hydrogen in the air). There already exist many hydrogen sensors (Meixner and Lampe, 1996) , based for example on electrolytic (Kroll and Smorchkov, 1996) or catalytic (Shin et al., 2009; Han et al., 2007) reactions, widely used in industrial plants. But most of these devices need important power supplies (for reaction activation and desorption process), and suffer from drift of measured values and poisoning (Barsan et al., 2007) . We propose in this work to use palladium platinum (PdPt) nanoclusters supported by alumina (PdPt / Al 2 O 3 ) for H 2 detection. This bimetallic catalyst has been intensively studied these last decades for numerous remarkable properties, including good conversion rate in hydrogen oxidation at room temperature with high exothermal effects ( H 25 • C,vap = −241.8 KJ mol −1 ; Lide, 2001 ) and high resistance to poisoning Morfin et al., 2004; Rousset et al., 2001 ). We present here the PdPt / Al 2 O 3 synthesis by co-impregnation, morphology, catalytic activity and gas sensing characterisations. Catalytic characterisations show that conversion starts below room temperature and increases quickly with temperature. The thermal response (about 3 • C) of only 1 mg of PdPt / Al 2 O 3 is reversible at room temperature, and the time response is about 5 s. We conclude on the possibility of using PdPt in gas sensors.
Published by Copernicus Publications on behalf of the AMA Association for Sensor Technology. The PdPt / Al 2 O 3 catalysts are prepared by co-impregnation of metallic precursors (Pd and Pt acetyl acetonates) on two Al 2 O 3 powders with different grain sizes, crystalline phases and specific surface areas (α−Al 2 0 3 : 0.3 µm, 7.7 m 2 g −1 , and γ −Al 2 0 3 : 2.6 µm, 56 m 2 g −1 ) in a solution of toluene stirred for 24 h. Then the solution is dried (evaporation of the toluene under vacuum at 80 • C for a day). Finally, stages of decomposition (450 • C in Ar), calcination (350 • C in O 2 ) and reduction (450 • C in H 2 ) are performed. Three catalysts (A, B and C) have been synthesised on both sizes of alumina, and one with alpha alumina, with different concentrations of Pt and Pd. They all are in the form of a grey powder with a texture similar to flour.
Sample characterisations
The chemical composition of the catalysts synthesised is determined by ICP-OES (inductively coupled plasma -optic emission spectroscopy). Transmission electron microscopy (TEM) is used to characterise the size and the morphology of the metallic particles.
Catalytic activity
The oxidation of H 2 by synthesised PdPt / Al 2 O 3 samples has then been carried out at atmospheric pressure in a continuous-flow fixed-bed reactor. The experimental set-up is described in detail in Rossignol et al. (2005) . The catalyst (6 mg) is exposed to a reactive mixture consisting of 0.5 %H 2 + 10 %O 2 in He at a flow rate of 50 mL min −1 . The gas mixture is analysed at the output of the reactor and compared to the initial composition by a gas chromatograph Varian-Micro GC (CP2003) equipped with thermal conductivity detectors. The reactor is immersed in an isothermal water bath whose temperature was set between 0 and 70 • C. Catalytic conversion is measured after 20 min of stabilisation. A thermocouple located inside the catalytic bed is used to measure the catalyst temperature.
Gas sensitivity characterisations
The principle of the gas sensitivity measurement is to follow with an IR camera the temperature variation of PdPt / Al 2 O 3 powder due to the exothermicity associated with the oxidation of H 2 . This will provide a relation between the different H 2 concentrations and the variations of the temperature. This thermal response is considered as the gas sensitivity. The PdPt / Al 2 O 3 samples are placed on a clean substrate in the gas chamber. The experimental set-up is described in more details in Mazingue et al. (2012) . Before proceeding with the oxidation of H 2 , a flow of dry air is sent into the 
Results and discussions
Catalysts A and B have been first synthesised as described above, respectively, on gamma and alpha alumina. Their chemical compositions are given in Table 1 . It has been observed that much of platinum (70 %) introduced into the impregnating solution is lost during the synthesis of the catalyst on alpha alumina (sample B). This loss is much less pronounced for the palladium, and it is not present on the gamma alumina (sample A), which has a much larger specific surface area. The metallic proportion is therefore much higher for A (3.3 %wt) compared to B (0.9 %wt for B). As the efficiency of the catalyst increases with the metallic proportion, it has been chosen to synthesise sample C with higher quantities of metallic precursors on γ -Al 2 O 3 . This leads to powders with metallic concentrations up to 20.8 %wt for sample C. Figure 1 shows that the morphology of the catalyst remains in the form of nanoparticles deposited on alumina, independently of the metallic concentration. Figure 2 shows that, without prior activation (a first cycle of heating and cooling), the catalytic conversion at room temperature is about 83 % for A but only 18 % for B. Full H 2 conversion is reached at about 60 • C for A and B, but A presents higher conversion rates for lower temperature. This can be explained by the greater amount of metal in the powder in A. Concerning sample C, 100 % of the H 2 is converted at room temperature. This value falls to about 68 % at 5 • C. The samples A and C exhibit very good activity even at room temperature and seem to be good candidates for easy integration into a transducing component, especially catalyst C. Considering these last results, only samples A and C have been taken into account for gas sensitivity characterisations.
We developed a simplified model to explain the thermal response of the catalyst. We consider that a mass m c of catalyst with a negligible thickness is deposited on a surface S on a substrate with a mass m s , a thickness z, a thermal conductivity λ and heat capacity C as shown in Fig. 3 . The surrounding air temperature is T ∞a above the catalyst. A temperature T ∞s is imposed on the rear side of the substrate. We neglect at the moment the heat exchanges by radiation compared to those by convection (h r h c ). The experiment consists in measuring the temperature T at the surface of the catalyst. T is supposed to be also the temperature on the rear side of the catalyst.
The heat flux to which the system is subjected is as follows:
∂T ∂t the variation of heat exchange of the system -the flux created at the surface of the catalyst during the catalytic reaction with the gas -a = h c S(T − T ∞a ) the heat exchange with the surrounding air -s = λS/z(T − T ∞s ) the heat exchange with the substrate.
The flow balance shows that the power variation of the system is equal to the power produced by the catalyst, minus those transferred to the environment, or = −( a + s ), which can also be written as follows:
This can be written in a reduced form:
where T f is the temperature reached by the catalyst once the thermal equilibrium established after a characteristic time τ . Those two last physical quantities are defined as follows:
In absence of the target gas, no catalytic reaction occurs, with temperature:
The resolution Eq. (1) describes the increase of the temperature as soon as the reaction takes place:
The elevation of temperature is then
We consider now that, at t < t 0 , the presence of the target gas has stabilised the temperature of the catalyst at T = T f thanks to = 0. At t = t 0 , the gas inlet is suddenly cut off and becomes zero. By injecting these conditions in Eq. (1), the expression of the temperature becomes, for t > t 0 ,
This very simplified model gives us important information:
1. T depends on , the thermal flux due to the catalytic reaction. is directly linked to the concentration of the gas in the incoming air flow, and is therefore supposed to remain constant in the experimental conditions. T increases as expected with 1/λ (homogenous to the thermal resistance) because a low substrate thermal conductivity prevents the heat from escaping on this side of the catalyst.
2. τ does not depend on and therefore on gas concentration.
3. For a given value of , the response time depends on the substrate physical properties. τ increases with the mass m and the heat capacity C of the substrate, and decreases with its thermal conduction λ. This means that the choice of the material used for the substrate is essential. A maximal value of T obtained with a substrate with a low λ will induce a long response time. A compromise has to be found to get a good thermal response, stabilised as quickly as possible. Figure 4 shows the trends of the thermal response according to the model with two different material substrates: inox (λ inox = 16 W m −1 K −1 , C inox = 502 J K −1 kg −1 ) and a plastic (polypropylene,
The shape is qualitative as physical data such as h c or S are unknown. The influence of λ and C is clearly visible on T and τ : in the case of an inox substrate (high thermal conductivity), the time response is low and the thermal equilibrium is quickly reached. In case of a plastic substrate, the response time is much longer and the temperature becomes higher, but the thermal equilibrium is not reached at the end of the H 2 exposure. However, the limits of the model are clearly highlighted by the absence of dependence of the thermal response T with the mass m c of the deposited catalyst. We neglect here the fact that the thermal contact between the catalyst and the substrate is far from perfect, and therefore that the temperature distribution in the catalytic layer is complex. Anyhow, this simplified model fits properly with the measurements, as seen in next paragraph. Figure 5 shows the thermal response of 1 mg of sample A deposited onto an inox substrate under dry air mixtures with different concentrations of H 2 at room temperature. In accordance with the model described above, we observe that the catalyst exhibits a first-order response when exposed to H 2 . Sample A presents a pronounced sensitivity to H 2 at room temperature: elevation of about 0.6 • C for 2000 ppm and 1.2 • C for 4000 ppm. The thermal response is rather fast (about 5 s), and we can note that the response time is not dependent on H 2 concentration, as predicted by our model. The thermal response is also reversible (quick return to the baseline in the absence of H 2 ), at room temperature. This means that no additional energy is needed to desorb H 2 on active sites where oxidation occurs. These results have to be compared with the 0.1 • C temperature variation obtained for the same mass of Au / CeO 2 under 500 ppm CO diluted in dry air (Mazingue et al., 2012) . The shape of the plateau for an exposition of the catalyst to 4000 ppm shows that it can take time to get the thermal equilibrium. Indeed, the heat produced by the catalytic reaction increases the conversion rate of H 2 , as observed in Fig. 2 . With our model, we can deduce that is then reaching a greater value, inducing a subsequent rise of temperature. This phenomenon is repeated as long as the external thermal conditions do not allow the thermal equilibrium for H 2 concentrations above 1500 ppm, as shown in Fig. 6 . The stability of the thermal response decreases therefore when the H 2 concentration increases. However, the derivative of the expression of the temperature (Eq. 6) leads to the following formula:
The slope of the curve at t = 0 is given by
Since is directly linked to the gas concentration, it is possible, by an adapted signal treatment on the derivative of the signal before the thermal equilibrium, to get a piece of information on the gas concentration. The same tests have been performed with sample C and identical experimental conditions, giving the same kind of results but with higher thermal responses. Figure 7 gives a comparison between the performances of catalyst A and C: both exhibit linear and repeatable responses. Catalyst C is clearly the best candidate to be used as sensitive material in the H 2 sensor. The range of temperature variations can be easily detected by many kind of transducers, such as surface acoustic waves (SAWs) (Stelzer et al., 2008) . These results also are promising for H 2 detection by optical means ( Mazingue et al., 2007) since recent studies showed that temperature variations in the • C range can be monitored (Wood et al., 2013) .
The integration of the catalyst onto a transducer has to preserve the catalytic properties and supply a mechanical support. However, most of the used methods of deposition led to a loss of activity. Chemical methods such as dispersion into a porous sol-gel matrix induce an encapsulation of the catalyst. Incorporation of PdPt nanoclusters into thin mesoporous film such as TiO 2 or SiO 2 by co-impregnation (with the technique described above) gives a too high dispersion of the catalyst to allow a measurable thermal response. Physical methods such as chemical vapour deposition or pulsed laser deposition gave very flat catalyst layers, with limited reactive surface and therefore a low catalytic activity. We found an alternative by coating the catalyst with a thin layer of parylene, maintaining the powder onto a substrate without killing its catalytic activity. Parylene is a high-tech, ultrathin, transparent coating that is physically and chemically neutral, inert, biocompatible, and biostable. It insulates and protects, and can easily and accurately be applied in any thickness, from 50 nm to 100 µm. It is completely uniform, without pinholes, and suitable for application to very small technical components (protection against moisture, aggressive environment) and/or as an electrical insulator, resistance to all solvents, acids, and bases (Trantidou et al., 2013) . The deposition process occurs in vacuum at room temperature. The coating ensures a hydrophobic protection to the catalyst, but is permeable enough to H 2 .
A quantity of 1 mg of sample A deposited onto an oxidised Si wafer has been coated by different thicknesses of parylene (determined after deposition by interferometric measurements) and been exposed to increasing concentration of H 2 in dry air. Figure 8 shows that all the samples present a thermal response, but T decreases with parylene thickness. This is not surprising, considering that parylene is a barrier for H 2 molecules to reach active sites of the catalyst. However, for a parylene thickness of 700 nm, a T of 1 • C can still be observed for a concentration of 4000 ppm. We can also notice that the shape of the thermal response is different from previous experiments because the substrate was in this case an oxidised Si wafer, with much lower thermal conductivity. As predicted by our simplified model and depicted in Fig. 6 , the resulting thermal response is characterised by a higher T and longer response time τ . A cumulative drift is then observed. This can be explained by the fact that the thermal equilibria cannot occur with exposure times as short as 30 s. We would observe no drift with exposure times much longer than response times. Moreover, the curves pictured in Fig. 8 have been performed after several tests according to the protocol described in the experimental part. During the first exposition of H 2 , the samples coated with parylene gave a thermal response such as the ones in Fig. 8 , whereas the uncoated sample exhibited no temperature rise. This can be explained by the fact that uncoated PdPt / Al 2 O 3 must get rid of adsorbed water on active sites so that catalytic reaction can occur. This happens after several cycles of dry air and H 2 exposition, which would be problematic for a gas sensing application (hygrometry dependence). Coated catalysts do not have this problem, as the parylene deposition is performed in a vacuum at room temperature, inducing a water desorption of the active sites. Once coated, the latter are water free and interact directly with H 2 molecules, as explained in Appendix A. Parylene coating seems therefore to present all the required properties for efficient integration of PdPt / Al 2 O 3 nanopowders on a transducer for gas sensing applications.
Conclusions
Catalytic activity and thermal response of PdPt / Al 2 O 3 nanostructured catalysts to H 2 synthesised by the coimpregnation method have been characterised. It has been observed that the nature of the alumina support is relevant for the optimisation of the metallic proportion of the final system, leading to a greater catalytic activity. γ -PdPt / Al 2 O 3 will therefore be preferred to α-PdPt / Al 2 O 3 for gas sensing applications because of its higher specific surface area. Full H 2 conversion at room temperature can be reached by increasing the proportions of the metallic precursors in the synthesis process. The H 2 sensitivity tests showed that the thermal response of the catalysts is reversible with a time response of 5 s, at room temperature, and fits with a simplified model we developed to explain the shape of the curves. The temperature rise is in the • C range for only 1 mg of catalyst, and concentrations of H 2 in dry air ranging from 200 to 4000 ppm. However, the stability of thermal response is problematic for H 2 concentrations above 1500 ppm because of the establishment of the thermal equilibrium is harder to reach. Nevertheless, an integration method has been investigated by coating the catalyst with a parylene thin film. Sensitivity tests show that the thermal response decreases with the thickness of the coating, but still exhibits significant temperature rise (in the • C range). All these results are promising for integration of PdPt / Al 2 O 3 nanostructured catalyst onto different transducers for fast-response, reversible, and room-temperature working gas-sensing systems. Alternative devices such as photonic (Bragg gratings and multimode interference couplers) or SAW transducers are under study to develop reversible remote controlled and passive components for the detection of H 2 , working in a large range of temperatures in harsh environments, with no need for embedded energy.
